Objective: Although smoking is a known risk factor for intracranial aneurysm (IA) rupture, the exact relationship between IA rupture and smoking intensity and duration, as well as duration of smoking cessation, remains unknown.
With an overall mortality rate of 45% and significant morbidity among survivors, aneurysmal subarachnoid hemorrhage (aSAH) places a disproportionate burden on our society. 1 Although the exact underlying etiology that causes intracranial aneurysm (IA) rupture is not clearly understood, cigarette smoking is considered to be the most significant modifiable risk factor. 2 The prevalence of smoking in patients with aSAH ranges from 45% to 75%, compared to 20%-35% in the general adult population. [1] [2] [3] Despite the reported strength of this association in a variety of longitudinal [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and case-control studies, 2, 4, 7, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] larger scale studies with a greater number of confirmed aSAH cases reporting detailed data regarding the effect of smoking status, dose rate, smoking duration, and duration of smoking cessation on the risk of aneurysm rupture are needed. Detailed knowledge regarding the risks of nicotine exposure on IA rupture may have important implications for screening and counseling of patients with IAs, and may lead to further hypotheses about the biological mechanisms by which smoking leads to vascular inflammation, hemodynamic stress, endothelial dysfunction, and ultimately, wall weakening and rupture. Most studies to date are based on a small number of patients with aSAH, ranging from 26 21 to 426, 16 variable diagnostic criteria, inclusion of other types of hemorrhagic stroke, 6, 7, 9, 29 restriction to a particular subgroup of patients according to age, 30 sex, 6, 7, 9 or profession, 9 and control groups consisting of healthy participants instead of patients with unruptured aneurysms. 2, [15] [16] [17] [18] [19] 21, 22 Here we present one of the largest partially prospective single-institution series to date, to more precisely quantify the effect of smoking intensity, cumulative dose, and smoking cessation on rupture risk of IAs in 1,446 patients with ruptured and 4,045 patients with unruptured aneurysms. BWH and MGH (1990-2013) . 32 Briefly, we used ICD-9 and Current Procedural Terminology codes to obtain an initial set of potential aneurysm patients from the RPDR. We then used NLP to train a classification algorithm, which yielded 5,589 patients. There were also 1,139 patients who were obtained prospectively on clinical presentation, of whom 474 patients were seen from 2013 to 2016 and were in addition to the 5,589 patients obtained from NLP. The medical records of the 6,063 patients were reviewed in detail (A.C. and R. Du) to identify 4,701 patients with definite saccular aneurysms. The results of the imaging studies, including IA site and size, were recorded. The imaging studies of all patients with aneurysms #3 mm were reviewed and those with possible infundibula or nondefinitive aneurysms were excluded. We also excluded patients with feeding artery aneurysms associated with arteriovenous malformations, those lacking clinical notes or radiographic images, and those with fusiform or dissecting aneurysms from the present study. Patients whose aneurysms had been treated prior to presentation at our hospitals were also excluded from this study. We categorized patients who presented with aSAH as having a ruptured aneurysm.
Using patient notes and radiographic images, we compared the differences between ruptured and unruptured aneurysms in terms of the following: patient demographics (age, sex, race), comorbidities (hypertension, coronary artery disease, myocardial infarction, atrial fibrillation, diabetes mellitus), aneurysm characteristics (number of aneurysms, size of largest aneurysm), antihypertensive medication use, family history of IAs and aSAH, smoking history details (current smoker, former smoker, never smoker, number of packs per day, duration of smoking in years, and duration since cessation in former smokers). We categorized patients who quit smoking at least 1 year before diagnosis as former smokers. The presence of aSAH was confirmed with a CT scan, CSF analysis, or intraoperatively by a neurosurgeon. A comorbidity was assumed absent if we found no documentation of its presence. We obtained notes with smoking details by using the following search terms: smoke, smoked, smokes, smoker, smoking, ppd, pack years, py, packs per day, tobacco, cigarette, and cigarettes. We then obtained detailed smoking data manually.
Baseline characteristics were analyzed using the x 2 test for categorical variables and the t test for continuous variables. Categorical variables were reported as proportion and continuous variables were reported as mean (6 SD). Each patient-and aneurysm-related variable was screened by univariable logistic regression for association with presence or absence of rupture. Variables with p , 0.10 were entered into the multivariable logistic regression model with the final model constructed using backward elimination. Adjusted odds ratios (OR) with 95% confidence intervals (CIs) were calculated, and p , 0.05 was considered statistically significant. A subgroup analysis among current and former smokers, including duration and intensity of smoking, and duration since smoking cessation was also performed. Multiple imputation with chained equations was used to account for missing values. Inferential statistics was obtained from 40 imputed datasets. Sensitivity analyses were also performed using subgroups consisting of (1) complete cases only and (2) prospective cases only. All statistical analyses were performed using STATA 14 (STATACorp., College Station, TX).
Standard protocol approvals, registrations, and patient consents. Institutional review board approval was obtained for this study.
RESULTS
In the 4,701 patients evaluated, there were 6,411 IAs. Of these patients, 1,302 (27.7%) presented with a ruptured aneurysm. Baseline characteristics of patients who presented with unruptured vs ruptured aneurysms are summarized in table 1. In the unruptured group, IAs were identified incidentally in cerebrovascular imaging (CT angiography, magnetic resonance angiography, or cerebral angiogram) during evaluations for headache or dizziness, stroke, neurologic symptoms, trauma, seizures, aneurysm screening due to positive family history, or screening for cancer or other diseases. Patients with ruptured aneurysms were more frequently male, younger, and nonwhite, compared with the unruptured group. In addition, family history of aneurysms or aSAH was significantly associated with unruptured aneurysms.
The results of the univariable and multivariable analyses in all patients and in a subgroup of former and current smokers are shown in tables 2 and 3, respectively. In the univariable analysis for the entire cohort, current tobacco use (OR 2.29, 95% CI 1.97-2.67) and former tobacco use (OR 1.41, 95% CI 1.19-1.67) compared with never smokers were significantly associated with aneurysm rupture at presentation. In a subgroup analysis of 2,546 former and current smokers, current vs former smoking (OR 1.63, 95% CI 1.38-1.93), years smoked (OR 1.01, 95% CI 1.01-1.02), and packs of cigarettes per day (OR 1.39, 95% CI 1.20-1.60) were significantly associated with aneurysm rupture at presentation. In contrast, a longer period of smoking cessation was associated with a significantly lower risk of aneurysm rupture (OR 0.98, 95% CI 0.97-0.98). Although the size of some coefficients changed minimally, the direction and significance of tobacco-related measures remained the same in the sensitivity analyses using complete cases only and prospective cases only (tables e-1 and e-2 at Neurology.org).
In the multivariable analysis in the full cohort (i.e., current, former, and never smokers), black (OR Figures 1 and 2 show a dose-dependent increase in the proportion of ruptured aneurysms stratified according to number of packs per day and years smoked, respectively. Figure 3 shows a decrease in the proportion of ruptured aneurysms according to years of cessation among former smokers. However, years since smoking cessation lost significance in the multivariable analysis. The direction and significance of smoking-related DISCUSSION Our study, one of the largest studies on the effect of cigarette smoking on IA rupture to date, demonstrates that current and former smoking is significantly associated with the presence of ruptured aneurysms at initial presentation. Current smokers have a 2.5-fold odds of rupture whereas former smokers have an almost 2-fold odds of rupture compared with never smokers. These findings are in line with a prior meta-analysis in which the odds of rupture in former smokers was twice that of never smokers (OR 2.3, 95% CI 2.2-2.4), and the odds for rupture in current smokers was 3 times that of never smokers (OR 3.1, 95% CI 2.7-3.5) in casecontrol studies. 33 However, in contrast to our study, the previous studies that assessed the risk of smoking on IA rupture did not include controls with unruptured IAs, and included healthy controls instead. In addition, the presence of ruptured aneurysms was not confirmed in 12 previous studies, leaving the possibility of misclassification bias due to inclusion of traumatic or other non-aSAH cases. [4] [5] [6] [7] 9, 10, [12] [13] [14] 23, 26, 29 Moreover, the number of included patients with confirmed aneurysm rupture was small in most studies, ranging from 26 21 to 426 16 patients with aSAH in case-control studies, and from 122 11 to 132 8 confirmed aSAH cases in longitudinal studies. Furthermore, most studies did not control for antihypertensive medication use, family history of aneurysms and SAH, and aneurysm-related factors such as size and multiplicity. None of the prior studies included duration of smoking in years smoked, and only 2 case-control studies 16, 28 and 1 longitudinal study 4 assessed the cumulative effects of cigarette smoking on aneurysm rupture risk by means of inclusion of pack-years. In a recent Korean multicenter case-control study with 426 nontraumatic SAH cases, the authors demonstrated a dose-dependent increase in risk based on cumulative dose of smoking (e.g., pack-years). However, our study is the first to assess models with smoking intensity and duration as separate variables, instead of combined in pack-years and intensity, in order to evaluate the effects of duration and intensity separately. We showed that a higher dose rate (e.g., number of packs smoked per day) among current and former smokers was significantly associated with an increased risk of IA rupture, whereas the effect of smoking duration had a smaller effect size, but was still significant. Interestingly, although a longer duration since smoking cessation was associated with decreased risk of aneurysm rupture among former smokers in univariable analysis, this association disappeared after adjustment for other confounders in the multivariable analysis. These results suggest that the increased risk of aSAH with smoking persists even after the cessation of cigarette smoking, and that early cessation does not confer a reduced risk of SAH beyond that of reducing the cumulative dose. Although several previous studies demonstrated a significant increased risk of SAH among previous smokers compared to never smokers, 8,9,21,22,29 only one of these studies investigated if cessation duration would affect this risk. 9 In contrast to our results, one study concluded that the ageadjusted risk ratio of SAH among former smokers returned to the level of never smokers after 5-9 years of cessation. However, that study included only white middle-aged women without confirmation of the presence of ruptured aneurysms, and the number of former smokers with SAH was only 25, limiting its statistical power and validity. 9 Five other studies demonstrated that smoking cessation decreases the risk of SAH in a time-dependent manner. 4, 5, 15, 16, 20 Of the 5 studies, the presence of aSAH was not confirmed in 2 of the studies 4,5 and 1 study failed to show increased risk reduction in previous heavy smokers. 16 All 5 studies utilized healthy controls with no aneurysms instead of controls with unruptured aneurysms, which likely affected the conclusions drawn. 4, 5, 9, 15, 16, 20 Several theories have been proposed to explain the mechanisms by which cigarette smoking leads to IA formation and rupture. 34 Using a 3D model, it was recently demonstrated that smoking is associated with an increase in wall shear stress at the site of aneurysm initiation, probably by increasing blood viscosity and volume, and by inducing cerebral Table 3 Univariable vasoconstriction. 34, 35 Several authors have attributed the vasoconstrictive effects of nicotine to impaired nitric oxide signaling, an important factor in regulating vascular tone. [36] [37] [38] In addition, others have recently demonstrated by using an in vitro model using rat cerebral arteries that smoke particles induce upregulation of endothelin type B receptors, which play a critical role in aneurysm pathogenesis through activation of key intracellular inflammatory signal molecules. 39 This proinflammatory activation of endothelial cells due to cigarette smoking leads to disruption of their normal function and is thought to result in aneurysm formation and rupture. 39 Our observation that the risk of aSAH among former smokers persists after smoking cessation could be explained by these structural and to a certain extent irreversible changes. However, since the risk of aSAH among previous smokers was substantially lower compared to current smokers, and in light of the clear doseresponse relation between cigarette smoke and aSAH, our results emphasize the importance of smoking cessation in patients harboring unruptured IAs.
The main strengths of our study are the large sample size, the presence of a large control group with unruptured IAs, and the use of a high-quality homogeneous database. The main limitations of our study include the partially retrospective design, the restriction of our conclusions to the timepoint of initial presentation, and self-reporting of smoking status. However, self-report of tobacco use has previously been demonstrated to be a valid approach to determining tobacco status. 40 Nevertheless, in some cases of aSAH, history of cigarette smoking was obtained from relatives of patients in poor clinical condition, which could have led to information bias. Even though this is one of the largest studies on the risk of cigarette smoking on IA rupture to date, causality between cigarette smoking and IA rupture will need to be established in future mechanistic studies. We found that current smoking status, smoking duration, and smoking intensity are the most important risk factors for IA rupture at presentation. In addition, we demonstrated a lower but significantly increased risk of aneurysm rupture among former smokers compared to never smokers, and that early cessation does not confer a reduced risk beyond that of reducing the cumulative dose, suggesting that there are irreversible effects due to cigarette smoking.
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